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Figure  Captions 


Figure  1 


Figure  2 


Figure  3 


Figure  4 


Figure  5 


CA)  t3rplcal  DTA  curve  and  (B1  resulting  heat  treatment 
schedule  for  all  V20j-hased  glasses  of  this  research. 

The  separate  220* C - 4 hrs.  anneal  Is  not  shown  In  CB) ; 
the  235*C  temperature  was  found  necessary  to  allow  some 
Initial  structural  readjustment  in  the  glasses  prior  to 
the  onset  of  crystallization. 

Replicate  TEM  micrographs  showing  progressive  phase 
separation  and  crystallization  In  the  QOQ  glass. 

(A)  as  cooled,  (B)  220°C  - 4 hrs.,  CC)  290*C  - 6 hrs 
and  (D)  410° C - 6 hrs.  0>ar  = 0.5pml 

Replicate  TEM  micrographs,  representative  of  all  ternary 
compositions,  showing  crystallization  In  the  006  glass, 

CAl  290*C  - 6 hrs,  and  CB)  410°C  - 6 hrs.  The 
mlcrostructure  of  the  as— cooled  and  annealed  glasses  are 
similar  to  those  of  Fig.  2(A),(B).  Char  «=>  0.5pm) 

SEM  micrographs  showing  the  polycrystalline  V2OJ  In 
polished  and  etched  surfaces  of  CA) , CB)  000-29Q*C  - 6 hxs. , 
CC)  000  - 410“C  - 6 hrs.,  CD)  006  - 29Q*C  - 6 hrs.  and 
CE)  006-4 10 °C  - 6 hrs.  CD)  and  CE)  are  representative  for 
all  analogous  ternary  samples.  CA)  was  etched  with  H2O 
for  90  sec;  all  others  etched  with  1%  H.C1  for  50  sec, 

(bar  ~ 1pm) 

Curves  of  log  dT  vs.  1/T  showing  the  changes  in  conductivity 
as  a function  of  the  temperature  of  crystallization  for 
compositions  CA)  000  and  CB)  006,  respectively,  and  as  a 


function  (C)  of  the  changing  V20^  content  In  the  glasses 
annealed  at  220*C. 

Figure  6.  Curves  of  percentage  weight  loss  of  the  annealed  and 

progressively  crystallized  glasses  as  a function  of  the 
log  of  tine  of  immersion  In  static  H.O. 


MICROSTRUCTURE,  ELECTRONIC  PROPERTIES  AND  CHEMICAL  DURABILITY 
OF  V 0 -BASED  GLASSES  AND  GLASS rCERAMICS 

I ^ J 

BY 

Abdel  A.  Fahmy 

I.  INTRODUCTI(»i 

Vanadium  pentoxlde  is  oxygen  deficient  when  nonstoichlometrlc ; 

the  extra  electrons  are  localized  at  V centers  resulting  in  the 

4+ 

formation  of  reduced  vanadium  ions,  normally  V . Furthermore, 

*1 

these  electrons  remain  in  the  vicinity  of  these  centers  for  a time 
longer  than  the  average  lattice  vibration  period;  thus,  the  atoms 
in  the  neighborhood  of  the  excess  charge  have  sufficient  time  to 
asstime  new  equilibrium  positions  consistent  with  the  presence  of  the 
added  charge.  These  displacements  produce  a potential  well  for  the 
excess  electrons  such  that  they  occupy  a bound  state,  being  unable  to 
move  without  a change  in  the  positions  of  the  surrounding  atoms.  A 
bound  electron  and  its  associated  lattice  deformation  are  termed  a 
polaron.  A small  polaron,  the  principal  charge  carrier  in  V20j-based 
glasses,  implies  that  the  self-trapped  carrier  is  essentially  confined 
to  a "small  region",  typically  a single  atomic  site.  Electronic  conduc- 
tion in  V20j-based  glasses  at  T>l/29p  (Gj^-Debye  temperature)  is  believed 
to  occur  by  the  thermally  activated  hopping  of  small  polarons  between 

I 

I vanadlisn  sites. 

I 
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The  present  level  of  understanding  of  the  conduction  process  In 

V20j-based  glasses  has  been  derived  by  the  numerous  theoretical  and 

experimental  efforts  generated  since  the  research  of  Stanworth  and 
1 2 

co-workers  ’ . Contemporary  reviews  of  this  research  have  been 
published  by  Mackenzle^^’^ , Austin  and  Mott^,  Adler^,  and  Klnser  and 
Wilson^. 

Investigators  have  also  detected  large-scale  and  microphase 

separation  and/or  crystallization  In  V^O^-based  glasses,  as  reviewed 

7 

by  the  present  authors.  The  reports  of  these  two  transformations 

have  almost  been  divorced  from  one  another  even  though  these  events 

are  now  considered  sequential  in  many  glasses  which  undergo  fine-scale 

bulk  crystallization.  Only  limited  information  concerning  the  origin 

of  the  amount,  size  or  type  of  crystallization  product  has  been  presented, 

8 9 

with  the  exception  of  the  present  research.  Hamblem  et  al.  and  Bench 
observed  a three  order  decrease  in  resistivity  upon  heating  a 67V20^- 
SSKPO^  glass  at  288“  and  310“C,  respectively.  Even  though  the  tempera- 
ture difference  was  small,  the  former  author  observed  inhomogeneous 
formation  of  large  crystals  (supposedly  on  the  surface)  while  the  latter 
writer  found  less  than  0.1%  bulk  crystallinity.  Heterogeneous  large- 
scale  liquid  immisciblllty  has  also  been  reported  by  Jamaklrama-Rao^^  in 
optical  microscope  studies  of  ^2®5~^2^5~®2^3  containing  consid- 

erable 8202- 

The  objectives  of  the  research  reported  herein  were  to  correlate 
the  changes  in  microstructure  which  occurred  in  the  V2®5~'^2*^5 
V2OJ-P2OJ-B2O2  glasses  as  a result  of  heat  treatment  with  1)  the  changes 
in  electronic  conductivity  and  other  related  physical  properties  and 


2)  the  solubilities  of  these  resultant  materials  in  H^O  as  a function 
of  time. 

was  initially  added  to  the  binary  system  because  of  1)  the 

8 9 11 

difficulty  experienced  by  several  authors  * ’ in  producing  homogeneous 
fine-grained  glass-ceramics  containing  a near  maximum  percentage  of 
crystalline  ^2^^^  authors'  reasoning  that  any  ^20^  in  four- 

fold coordination  would  probably  be  compatible  with  the  PO^  structure 
but  not  with  the  VO^  quasi-triglonal  bipyramidal  structure  thought 
to  exist  in  these  types  of  glasses.  It  was  surmised  that  the  BO^-PO^ 
combination  would  enhance  the  incompatibility  of  the  V20^  and  cause  it 
to  become  unstable  to  crystallization.  It  was  later  found  that  the 
binary  could  also  be  crystallized  but  with  a different  microstructure. 
The  original  reasoning  is  not  made  void,  however,  as  the  velocity  of  the 
crystallization  of  the  ternary  materials  is  considerably  greater  than 
that  of  the  binary,  as  discussed  more  fully  below. 


H 


II.  EXPERIMENTAL  PROCEDURE 

The  glass  compositions  shown  in  Table  I were  prepared  by  dry- 
mixing  the  oxides*  of  each  component  in  quantities  such  that  the 
total  of  each  batch  could  be  Incorporated  in  a covered  lOOcc 
platinum  crucible.  All  compositions  were  melted  in  air  at  SOO^+S^C 
for  one  hour,  stirred  with  a fused  silica  rod,  poured  into  a preheated 
(220“C)  cylindrical  graphite  mold  to  prevent  fracture  from  thermal 
shock,  annealed  at  220®C  for  4 hours  and  allowed  to  cool  with  the 
furnace.  Samples  were  placed  in  a desiccator  to  prevent  attack  by 
atmospheric  moisture.  The  first  three  numbers  of  each  sample 
designation  denotes  the  boron  concentration  in  mol%;  the  last  three 
numbers  (when  used)  denotes  the  temperature  of  heat  treatment. 

Table  I.  Composition,  Activation  Energy  for  Conduction  and  Conductivity 

Pre-exponential  Term  of  the  V^O^-based  glasses  and  glass  ceramics 


Sample  No. 

Composition 

(mole%) 

Activation  Energy(eV)  and 

[0  X 10 

0 

V2O5 

"2°5 

B2O3 

220°C 

290'’C 

410‘’C 

000 

84 

16 

0 

0.408[22.7] 

0.307111.6] 

0.2701  7.5] 

003 

84 

13 

3 

0.368[10.0] 

0.2941  8.7] 

0.2701  8.1] 

006 

81 

13 

6 

0.390[14.8] 

0.300[  7.5] 

0.281[10.9] 

009 

78 

13 

9 

0.438[52.2] 

0.3001  5.8] 

0.2811  8.1] 

*Flsher  certified  grade  V-O,  and  P^0_.  Lot  no.  and  principal  Impurities 
of  these  components  are  as  follows;  v.O^  {730793)-Fe  0.01%,  Cl  0.01%; 

P2OJ  (791283)-As  0.003%,  Pb  0.005%,  NH^  0.004%;  was  classified  Fisher 

reagent  grade. 
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To  induce  subsequent  crystallization,  all  samples  used  for  the 
conductivity  and  related  studies  were  positioned  on  flberfrax  felt 
in  a Kanthal  wound  furnace  controlled  within  ±5°C  and  heated  according 
to  the  schedule  shown  in  Fig.  1(B) . This  schedule  was  derived  from 
the  DTA  results.  Fig.  1(A),  determined  at  a heating  rate  of  10°C/min. 
Samples  of  003  and  009  annealed  at  220‘’C  as  well  as  000  and  006 

heated  at  220®,  290®,  and  410®C  were  analyzed  by  wet  chemical  analysis* 

5+  4+  12  4+ 

for  V and  V by  standard  techniques.  The  concentration  of  V 

was  also  determined  independently  by  magnetic  susceptibility  measure- 

13 

ments  on  all  samples  of  this  research.  The  Faraday  method  was 
employed  using  HgCo(CNS)^  as  a standard  having  a known  value  of 
unpaired  electrons.  Densities  of  all  samples  were  determined  by  the 
method  of  Archimedes.  Pure  ethanol  of  a known  temperature 
(accuracy  = ±0.1® C)  was  used  as  the  liquid  medium. 

Microstructural  evolution  as  a function  of  temperature  in  each 
composition  was  characterized  by  1)  TEM**  using  replicas  of  polished 
or  freshly  fractured  surfaces  etched  in  distilled  water  for  approxi- 
mately 20  seconds  2)  SEM**  of  polished  surfaces  etched  in  H2O  for  90 
sec  or  1%  aqueous  HCL  solution  for  50  seconds  and  3)  a determination 
of  the  vol%  crystallinity  by  a point  counting  technique  using  fifteen 
1"  X 1"  grids  each  having  64  points  on  a TEM  micrograph  having  magnifi- 
cation of  50,000X. 

Finely  ground  1.5"  dla.  by  0.25  thick  samples  were  used  for  all 
d.c.  and  a.c.  conductivity  measurements.  Ohmic  contacts  for  these 


* Herron  Testing  Laboratories,  Cleveland,  Ohio. 

**  TEM,  JEM-120;  SEM  JSM-2  and  JSM-35. 


measurements  were  produced  by  applying  a thin  layer  of  platinum  paste 
to  both  sample  faces  with  a camel-hair  brush  and  annealing  for  150° C 

for  2 hours.  The  effectiveness  of  this  process  was  demonstrated  by  a ' 

linear  I-V  curve  which  passed  through  zero;  furthermore,  the  a.c. 

conductivity  showed  no  apparent  frequency  dependence. 

The  conductivity  of  the  samples  is  relatively  high  (>10  ^ ohm  ^cm  ; 

thus,  a two  electrode  arrangement  was  used.  In  both  d.c.  and  a.c. 

measurements,  the  samples  were  positioned  in  an  Inconel  601*  grounded 

container.  The  controlling  temperature  (accuracy  = ±0.5°C)  was 

measured  at  the  sample.  All  lead  wires  inside  the  furnace  were  0.04" 

nichrome  wire  due  to  the  temperature  employed.  The  line  resistance 

of  these  wires  and  their  copper  extensions  were  measured  independently 

of  the  sample  as  a function  of  temperature  and  substracted  from  the 

measured  values  to  obtain  the  data  for  each  sample. 

Determination  of  the  d.c.  and  a.c.  conductivities  utilized  a 

Hewlitt  Packard  34703  multimeter  and  34740  display  meter  coupled  to  a 

Kelthley  recorder  for  the  former  measurement  and  a Hewlitt  Packard 

4800A  vector  Impedance  meter  for  the  latter  study.  The  temperature 

2 5 

and  frequency  ranges  employed  were  25-400° C and  10  - 10  Hz,  respec- 
tively. Each  sample  was  measured  to  within  10°  of  the  maximum  temper- 
ature (annealing  or  crystallization)  to  which  it  had  been  previously 
subjected. 

The  relative  resistance  to  chemical  attack  of  the  various  types 
^Engelhard  #6926,  unfluxed 

•k 

Huntington  Alloys,  INCO,  Inc.  Nominal  composition  in  wt,  %:  58-63 

Nl,  21-25  Cr,  remainder  Fe. 


i. 


of  samples  was  determined  by  measuring  the  weight  loss  of  a cube  0.635  cm 

3 

on  an  edge  Immersed  in  65  cm  of  static  distilled  water  for  varying 
lengths  of  time.  (Unfractured  spherical  samples  having  identical  dia- 
meters could  not  be  produced).  Upon  removal  from  the  water,  each  sample 
was  sprayed  with  ethanol,  dried  in  air  and  weighed  (accuracy  ± O.lmgi. 
Complete  descriptions  of  all  the  procedures  outlined  above  may  be 


found  in  Ref.  14. 
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III.  RESULTS  AND  DISCUSSION 
A.  Microstructure 

Figs.  2(A,B)  are  representative  of  the  microstructures  possessed 
by  both  the  binary  and  the  three  ternary  as-cooled  and  annealed  glasses. 

The  unannealed  glasses.  Fig.  2(A),  show  little  evidence  of  phase 
separation  even  at  high  (lOOK)  magnification  whereas,  the  annealed 
materials.  Fig.  2(B),  contain  a distinct  second  phase  of  homogeneously 
nucleated  tiny  V20j-rich  droplets.  Increasing  the  temperature  further 
iinnediately  results  in  the  enhanced  coalescence  of  the  droplet  phase 
with  the  Initial  vestiges  of  crystallization  of  V20^  occurring  at 
approximately  250®C.  The  latter  phenomenon  reaches  an  initial  maximum  at 
approximately  290°C,  Figs.  2(C)  & 3(A). 

Following  the  290°C  crystallization , the  microstructures  of  the 
three  ternary  compositions  are  also  similar  but  are  notably  different 
from  that  of  the  analogous  binary  materials.  This  is  particularly  evident 
in  the  SEM  micrographs.  Figs  4(A,B,D).  In  the  290'’C  binary  materials, 
the  irregular-shaped  submicron  V20^  crystals  foirm  clusters  which  appear 
to  be  in  loose  contact  with  each  other  at  a few  points  but  are  primarily 
bounded  by  the  residual  glass  phase.  This  is  most  clearly  evident  in  the 
lightly  etched  samples.  Fig.  4(A).  The  existence  of  a rim  of  glass  of 
varying  thickness  surrounding  portions  of  a few  of  the  individual  grains 
is  also  seen  at  higher  magnifications  of  the  same  sample;  however,  most 
of  the  grains  appear  to  maintain  large  areas  of  contact  with  each  other 
within  a particular  cluster.  As  such,  a more  severe  etch.  Fig.  4(B), 
causes  considerable  undermining  and  removal  of  whole  clusters  of  grains 
during  the  reaction,  which  is  also  evident  in  the  chemical  durability  studies. 


The  addition  of  82^3  amounts  shovm  In  Table  I produces  an 

Increasingly  more  rigid  glass  as  a direct  function  of  the  concentration 
of  this  compound.  Unlike  the  binary  material,  the  ternary  samples  must 
be  carefully  heated  to  290®C  In  order  to  produce  a crack-free  crystal- 
lized sample  even  though  the  bulk  density  changes  are  less  In  the  latter 
materials.  Indeed  a crack-free  sample  containing  12  mol%  82©^  could 
not  be  produced.  Furthermore  NMR  analysis  of  the  nucleus^  reveals 
considerable  distortion  In  the  BO^  tetrahedra  In  all  samples  except 
those  heated  at  410°C  - a further  Indication  of  the  stresses  In  the 
ternary  materials  which  exists  even  after  the  Initial  crystallization. 

As  a result  of  the  addition  of  820^,  the  microstructures  of  the 
ternary  samples  at  290“C,  Fig.  4 (D) , possess  unclustered,  apparently 
Interlocking,  rod-shaped  crystals  which  are  larger  than  those  of  the 
binary  material  and  again  have  at  least  a loose  point  contact  with  each 
other.  The  residual  glass  appears  to  encompass  a portion  of  each  crystal 
as  well  as  form  spherical  "nodules"  at  selected  sites  throughout  the 
microstructure.  Fig.  3(A). 

In  an  earlier  report^  on  the  ternary  materials.  It  was  noted  that 
1)  the  Intensity  of  the  DTA  peak  at  410®C  was  directly  proportional  to 
the  boron  content  and  2)  the  heat  treatment  at  410® C considerably 
enhanced  the  chemical  durability  of  these  materials.  These  phenomena 
were  formerly  attributed  to  the  formation  of  an  amorphous  BPO^  phase 
Initially  postulated  by  Kreldl  and  Weyl^^  to  explain  the  chemical 
durability  of  alkali-modified  borophophate  glasses.  Additional  evidence 
for  the  presence  of  8P0^  has  also  been  presented  by  Takahashi^^  and 
Ray^^.  Subsequent  DTA  research  on  1)  the  binary  glass  and  2)  a glass 


having  the  calculated  composition  of  the  amorphous  matrix  of  the  006-290°C 
material  of  this  research  has  revealed  the  exothermic  reaction  at  410“C 
in  both  compositions,  and  it  is  now  attributed  to  the  second  crystalli- 
zation of  V20^.  This  second,  high  temperature  formation  of  ^2©^, 

Figs.  2(D)  & 3(B)  is  also  to  be  expected  from  the  compositions  of  the 

18 

residual  glasses  as  shown  by  the  studies  of  Nador  and  Anderson  and 
19 

Compton  . The  BPO^  phase  is  however,  believed  to  be  a possibility, 
forming  at  lower  temperatures  or  during  cooling  from  the  melt  and 
contributing  to  the  durability,  the  rigidity  and  the  amount  of 
at  ^lO-C. 

This  additional  crystallization  of  ^20^  at  410® C in  the  binary 
is  also  reflected  in  the  SEM  micro structure.  Fig.  4(C),  in  that  the  crystal 
clusters  are  now  larger  and  bond  to  each  other  more  extensively  than  at 
290® C.  Furthermore,  glass  between  the  individual  grains  is  no  longer 
evident  at  higher  magnifications. 

In  the  ternary  samples,  increased  diffusion  rates  cause  the  410®C 
crystallization.  Fig.  4(E),  to  be  preceeded  or  accompanied  by  a rounding 
of  the  rod-like  crystals  and  an  increase  in  the  interfacial  area  of 
contact  between  the  grains.  As  a consequence  of  these  effects  much 
of  the  glass  is  Isolated  in  pockets  throughout  the  samples.  The 
decreased  viscosity  of  the  samples  evident  in  the  stress  removal  shown 
in  the  NMR  results  may  also  contribute  to  the  greater  interfacial 
area  through  particle  rearrangement. 

As  already  noted  or  implied,  the  progressive  evolution  of  the  above 
microstructures  also  affected  changes  in  the  percent  crystallinity  and 
bulk  density  as  shown  in  Table  II.  An  examination  of  this  table  shows 
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that  the  amount  of  crystalline  ^2^^  290“ C and  410“ C,  respectively, 

is  very  nearly  the  same  in  all  compositions.  There  is  a 7-8  wt% 
increase  in  ^2^5  in  all  compositions  which  is  reflected  in  the 

increase  in  the  bulk  density  of  these  samples.  The  ratio  of  the  crystal- 
line to  that  contained  in  the  original  batch  composition  increased 

with  an  Increase  in  boron  content  and  is  nearly  unity  for  the  009 
composition.  This  possibly  reflects  the  ability  of  820^  to  force  V20^ 
out  of  solution,  as  discussed  in  the  introduction.  These  changes  in 
the  microstructure,  percent  crystallinity  and  density  notably  affect 
the  electronic  conductivity  and  chemical  durability  as  discussed  below. 


"k 

Table  II.  Percent  V2OC  Crystallinity  and  Bulk  Density  of 
V20^-P20j-B202  Glasses 


Sample 

No. 

V2O5  (wt%) 
Batch  Comp. 

Crystallinity  (wt%) 
290“C  410“C 

Bulk  Density  (g/cc) 
220“C  A%  290“C  A% 

410“C 

000 

87 

75 

82 

2.830 

9.65 

3.103 

1.61 

3.153 

003 

88 

75 

83 

2.945 

6.04 

3.123 

1.50 

3.170 

006 

87 

77 

84 

2.914 

5.73 

3.081 

1.91 

3.140 

009 

85 

76 

84 

2.888 

7.49 

3.047 

2.13 

3.112 

t -j 

Values  reported  previously  were  determined  by  x-ray  diffraction  counting 
techniques.  The  values  given  above  and  determined  as  noted  in  the 
experimental  procedure  are  considered  more  accurate. 
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Conductivity 

Plots  of  log  a T vs,  1/T  »rere  found  to  Be  linear  regardless  of  heat 
treatment  temperature  or  composition.  Figs.  5CA,B)  are  representative 
of  the  changes  in  d.c.  conductivity  and  activation  energy  which  accompany 
the  progressive  crystallization  of  the  annealed  phase-separated  glasses. 

The  latter  values  as  well  as  ^ calculated  from  these  plots  are  given 
in  Table  1. 

Theoretical  and  experimental  research concerned  with  the  polaron 
hopping  process  has  lead  to  an  expression  for  the  d.c.  conductivity,  o, 
of  the  form. 


T 


expC ) 

KT 


(1) 


where  k is  a constant,  and  c and  Q-c)  are  the  and 

ratios,  respectively,  and  W is  the  activation  energy  for  conduction. 

These  ratios  in  the  present  research  were  determined  from  two  Independent 
measurements;  wet  chemical  analysis  and  magnetic  susceptibility.  The 
results  of  these  measurements  are  presented  in  Table  III  for  selected 
heat  treatment  temperatures. 

4+ 

The  derived  values  of  c indicate  that  the  concentration  of  V is 

essentially  Independent  of  temperature  of  heat  treatment  and  composition. 

21 

The  former  relationship  was  also  found  by  Lynch  et  al.  at  various 

22 

temperatures  in  the  range  and  by  Mackenzie  and  coworkers 

between  20*  and  350"C  using  ESR  and  Seebeck  coefficient  measurements^, 
respectively.  This  relationship  shows  that  the  temperature  dependence  of 
the  conductivity  arises  from  changes  in  the  effective  carrier  mobility. 
The  absence  of  any  temperature  dependence  of  c over  the  range  from  room 
temperature  to  410*C  Indicates  that  the  average  site  symmetry  of  the 
positions  occupied  by  electrons  Is  unchanged  within  experimental  error. 


Landsberger  and  Bray  have  presented  NMR  evidence  that  the  vanadium 

ions  in  the  glass  are  five-fold  coordinated  as  in  crystalline  ^20^. 

19  24 

This  conclusion  has  also  been  reached  in  infrared  and  ESR  research. 

A 

It  is  also  Important  to  note  that  ESCA  analysis  of  the  006  glass  and 

3+ 

glass-ceramics  during  the  course  of  this  research  revealed  no  V in 
these  materials. 


4+  5+ 

Table  III.  V , V , and  c as  determined  from  Wet  Chemical  Analysis 
and  Magnetic  Susceptibility  Measurements. 


Sample  No. 

(wt.%)* 

V^'*’  (wt.%)* 

* 2 
c X 10 

**  2 
c X lO'^ 

000-220 

4.38 

43.88 

9.1 

9,2 

000-290 

4.24 

44.85 

8.6 

9.0 

000-410 

4.77 

43.92 

9.8 

9.5 

003-220 

3.47 

45.04 

7.2 

7.1 

003-290 

7.1 

003-410 

6.8 

006-220 

3.68 

44.09 

IJ 

9.3 

OOd-290 

3.54 

44.17 

7.4 

9.3 

006-410 

3.01 

44.55 

6.3 

9.6 

009-220 

3.22 

45.16 

6 J 

8.3 

009-410 

9.0 

* Wet  chemical  analysis 

**  Magnetic  s^i^ceptlblllty ; no  diamagnetic  correction  was  made  as  the 
data  for  V is  not  available. 


* 
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As  a result  of  the  constancy  of  c,  the  equation  for  o may  be  %nrltten 

*0  -W 

a “ — ^ 

» 

where  c(l-c)  = constant.  This  Is  in  general  agreement  with  the 

experimental  results  of  the  crystallized  materials  shown  in  Table  I and 
Fig.  5.  The  precise  reason(s)  for  the  higher  values  of  in  000  and 
009-220  is  not  known  at  this  time. 

A synthesis  of  the  foregoing  results  with  the  polaron  model  indicates 
that  the  change  in  conductivity  which  is  Induced  by  heat  treatment  must 
be  solely  explained  by  the  variation  of  W.  Table  I shows  that  the 
value  of  W progressively  decreases  with  heat  treatment,  thus  increasing 
the  conductivity  of  the  sample. 

4 

According  to  Austin  and  Mott  , the  activation  energy  for  conduction 

is  given  by  W = W + 1/2W  where  W„  and  W are  the  polaron  hopping  energy 
n U n.  D 

and  the  activation  energy  for  hopping  due  to  disorder,  respectively. 

In  vanadate  glasses,  W_  is  negligible  relative  to  W , except  at  low 

D n. 

A 25 

temperatures.  ’ If  two  ion  centers  are  near  each  other  such  that  their 

A 

polarization  clouds  overlap,  the  value  of  W„  is  decreased  by  the  amount 

n 

4./  a/r  -1/R)  (3) 

P 

where  K , r and  R are  the  effective  dielectric  constant,  the  polaron 
P P 

radius  and  average  hopping  distance,  respectively. 

From  the  batch  compositions  and  density  values,  the  authors  have 
calculated  R for  the  annealed  ternary  glasses  to  be  3.89  X (003), 

3.91  A (006),  and  3.94  A (009),  respectively.  Substitution  of  the  above 


values  of  R Into  Eq.(3),  however,  gives  a much  smaller  range  of  values 
for  W than  actually  measured.  Fig.  5(C).  This  is  believed  to  be  attri- 
buted to  the  fact  that  the  calculated  values  of  R are  based  on  the 
assumption  of  complete  homogeneity  In  the  glasses;  whereas.  In  reality 
the  latter  are  phase  separated  Into  V20j-rich  amorphous  droplets 
surrounded  by  a matrix  glass  which  controls  the  value  of  W and  is 
deficient  in  relative  to  the  initial  batch  composition.  To 

explain  the  rather  large  variation  in  activation  energy  with  compo- 
sition, the  authors  believe  that  increasing  the  82^3  content  enhances 
the  incompatibility  between  the  V-0  units  and  the  parent  glass.  This 
results  in  a notable  decrease  in  the  V20^  concentration  and  more  rapid 
increases  in  the  vanadium  ion  spearatlon  and  thus  the  activation  energy 
for  conduction  in  the  continuous  matrix  glass  than  would  occur  in  a 
homogeneous  glass.  This  effect  on  W is  in  addition  to  that  caused 
by  the  simple  replacement  of  ^2^^  batch  composition. 

Separate  plots  similar  to  5(C)  for  all  the  290'’C  and  the  410®C 
crystallized  samples  reveal  essentially  overlapping  linear  curves  for 
each  temperature. 

The  formation  of  the  highly-conducting  V2OJ  polycrystalline  phase 
at  290®C  provides  the  principal  conduction  path  for  electrons  and  results 
in  a considerable  decrease  in  the  activation  energy  and  a concomitant 
increase  in  the  conductivity  at  this  temperature.  Although  it  cannot 
be  determined  conclusively  from  Figs.  4(A)  & (D)  or  supplementary  micro- 
graphs whether  or  not  the  crystals  and  crystal  clusters  are  in  direct 
contact  with  each  other;  conductivity  measurements  on  the  calculated 

residual  glass  compositions  have  values  in  the  range  of 
—8  —1  —1 

10  ohm  cm  . A glass  rim  surrounding  each  grain  would  control 


conductivity;  however,  the  actual  values  of  o and  W are  much  closer 
to  that  of  the  pure  material  than  those  of  the  measured  glass.  It 
can  thus  be  postulated  that  the  crystals  and  crystal  clusters  share 
at  least  a loose  point  contact  with  each  other. 

A second  point  of  view  Is  also  relevant.  As  much  of  the  residual 
glass  congregates  in  large  Islands  in  the  microstructure  (see,  e.g.. 

Figs.  3(A)  & 4(A)  ),  it  is  also  possible  that  a very  thin  rim  of  glass 
does  exist  between  points  of  closest  approach  of  the  crystals  and  that 
the  6 hr.  heating  time  allows  diffusion  of  some  V-0  species  from  the 
crystals  into  this  glass,  thus  establishing  a higher  than  average 
concentration  of  vanadium  ions  between  the  crystals  and  increasing  the 
conductivity. 

The  diffusion  noted  above  would  be  enhanced  by  an  increase  in 
temperature  and  would  thus  explain  the  ease  of  additional  crystallization 
evident  in  all  samples  at  410® C and  the  considerable  rounding  of  the 
rod-shaped  particles  seen  in  the  ternary  410®C  micrographs,  Fig.  4(1)). 
These  resultant  phenomena  allow  much  better  grain  and  cluster  contact 
and  enlarge  the  resultant  interfacial  areas  of  these  contacts. 

As  a result  of  the  additional  crystallization  and  structural 
rearrangement,  a and  W (calculated  from  a = a^exp(-W/kT)  to  facili- 
tate comparison)  at  25®C  for  all  the  410®C  samples  averaged 
-4  -1  -1 

5.96  X 10  ohm  cm  and  o.239  eV  respectively,  which  are  very  close 
-4  -1  -1 

to  the  6.31  X 10  ohm  cm  and  0.23  eV  observed  for  pure  polycrystal- 
26 


line  V^O^. 


] 


In  sunmary,  when  the  glasses  are  heated  at  290®C  or  410®C,  the 
conducting  medium  becomes  the  ^2^^  crystals,  the  average  hopping  distance 
is  decreased  and  W becomes  essentially  independent  of  820^  concen- 
tration as  shown  in  Table  I. 

The  values  of  a.c.  conductivity  in  all  samples  were  equal  to  those 

determined  in  the  d.c.  measurements  and  no  apparent  frequency  dependence 

was  observed.  This  is  in  agreement  with  the  work  in  this  temperature 

5 25  27 

range  of  other  Investigations.  ’ ’ 


Chemical  Durability 

A major  barrier  to  the  commertcal  utilization  of  glasses  having 
compositions  similar  to  the  ones  of  this  research  is  their  considerable 
susceptibility  to  attack,  by  an  H20-contalntng  environment,  due  princi- 
pally to  the  presence  of  1*2^5  • 

The  rate  of  chemical  attack  of  the  glasses  annealed  at  220^C  was 
approximately  the  same  for  all  compositions;  however,  the  resistance 
of  the  crystallized  samples  revealed  a definite  dependency  on  heat 
treatment  temperatures  and  boron  content,  as  shown  In  Flgs.6CA-C). 

The  Increase  in  chemical  durability  following  crystallization  at 
290*C  for  all  compositions  relative  to  that  of  the  respective  glasses 
must  be  ascribed  principally  to  the  microstructure.  All  ternary  samples 
produced  at  this  temperature  were  approximately  equal  in  durability 
but  much  more  durable  than  the  analogous  binary  material.  This  may  be 
explained  by  the  changes  in  microstructure  which  occurred  during  the 
reaction,  as  noted  above.  The  H2O  etches  away  primarily  the  residual 
glass  in  the  ternary  samples;  whereas,  whole  or  parts  of  clusters  of 
crystals  may  also  be  removed  with  the  glass  in  the  binary  material. 

In  addition  the  interlocking  nature  of  the  crystals  in  the  ternary 
materials  may  act  to  retard  the  rate  of  chemical  attack. 

Following  the  heat  treatment  at  410°C,  the  binary  sample  has  a 
considerably  Improved  durability  to  attack  due  to  the  additional 
crystallization  between  the  clusters  as  well  as  the  individual  grains. 
This  allows  greater  attachment  between  the  clusters  and  prevents  their 
removal  during  the  etch. 


The  analogous  ternary  materials  are  not  only  less  soluble  than 
the  binary  specimen  but  show  a further  reduction  In  solubility  as  a 
direct  function  of  Increased  boron  content.  The  former  phenomenon 


19 


Is  due  principally  to  the  much  larger  and  continuous  Interfaclal 
contact  between  the  Individual  grains,  the  lack  of  grain  clustering 
and  the  Isolation  of  much  of  the  glass  Into  pockets  throughout  the  bulk. 

Those  mlcrostructural  changes  In  the  ternary  materials  may  also 
be  coupled  with  the  formation  of  a small  amount  of  the  aforementioned  BPO^ 
phase  whose  concentration  Increases  with  the  Increase  In  ^2^2  causes 
the  differences  among  the  solubilities  of  the  003,  006  and  009  materials, 
Fig.  6(C).  The  elimination  of  V20^  from  the  amorphous  phase  at  290'’C 
and  subsequent  heating  of  the  residual  glass  enhances  the  opportunity 
for  the  B and  P species  to  react  with  each  other  to  form  the  borophosphate 
phase.  Takahashl^^  has  found  that  Na20-P20^-B202  glasses  have  excellent 
durability  in  the  acid  regions,  l.e.,  where  Na20/P20^  < 1,  and  particu- 
larly (and  more  cogent  for  the  present  research)  In  the  range  where 
B20j/P20^  < 1.  Ray^^  has  regarded  these  types  of  glasses  to  be  linear 
polyphosphates  cross  linked  by  boron  In  three-and-four-f old  coordination, 
depending  on  the  overall  composition.  The  cross  link  density  of  boron, 
especially  In  the  higher  coordination,  progressively  Increases  both  the 
transformation  temperature  and  the  resistance  to  water  attack.  Finally, 
additional  indirect  evidence  for  the  formation  of  this  phase  lies  in 
the  fact  that  the  percent  change  in  bulk  density  during  heating  from 
290“C  to  410®C  is  greater  in  direct  proportion  to  the  820^  concentration. 
As  the  Initial  and  final  amounts  of  crystallinity  are  approximately  the 
same  in  each  composition,  this  may  be  an  Indication  of  the  increased 
structural  tightening  of  the  residual  glass  phase. 
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IV. 


CONCLUSIONS 


1.  Phase  separation  and  subsequent  crystallization  of  V20^  from 
coalesced  amorphous  droplets  are  easily  accomplished  in 
V20^-P20^  and  V20^-P20j-B202  glasses  by  judicious  heat  treat- 
ment at  220°C  for  the  former  and  290°C  and  410°C  for  the  latter 
transformation. 

2.  The  d.c.  conductivity  and  the  activation  energy  for  conduction 
dramatically  increases  and  decreases,  respectively,  with  heat 
treatment  of  the  glasses  at  both  290®C  and  410°C.  These 
changes  at  both  temperatures  are  primarily  attributed  to  the 
formation  of  the  continuous  and  highly  conducting  polycrystalline 
vanadium  pentoxlde  phase. 

~ ^ „4+, ..total  are  essentially  constant  for  all  compo- 

3.  The  values  of  V /V  ^ 

sitions  and  phase  assemblages  and,  thus,  are  also  Independent  of 
temperature  of  heat  treatment.  The  values  of  in  the  crystallized 
materials  are  also  relatively  unchanged;  thus,  the  conductivity  in 
these  substances  is  controlled  principally  by  the  changes  in 
activation  energy. 

4.  This  progressive  crystallization  of  also  greatly  increases 

the  resistance  to  water  attack.  The  presence  of  grain  clusters 
partially  surrounded  by  an  amorphous  phase  causes  greater  weight 
loss  for  a given  time  in  the  binary  than  in  the  ternary  sample. 
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Figure  1.  (A)  typical  DTA  curve  and  (B)  resulting  heat  treatment  schedule  for  al 
V20^-based  glasses  of  this  research.  The  separate  220°C  temperature  was  found 
necessary  to  allow  some  Initial  structural  readjustment  In  the  glasses  prior  to 
the  onset  of  crystallization. 


differential  temp. 
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Figure  2.  Replicate  TF^M  micrographs  showing  progressive  phase 
separation  and  crystallization  in  tiic  000  glass.  (A)  as  cooled, 
(B)  220°C  - 4 hrs.  (bar  = o.^iim). 
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Figure  2.  Replicate  TEM  micrographs  shovriLng  progressive  phase 
separation  and  crystallization  In  the  000  glasses.  (C)  290°C  - 
6 hrs.  and  (D)  410“ C - 6 hrs.  (bar  = 0.5um). 
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Figure  3.  Replicate  TEM  micrographs , representative  of  all  ternary 


compositions,  showing  crystallization  in  the  006  glass.  (A)  290'’C  - 
6 hrs.  and  (B)  AlO^C  - 6 hrs.  The  microstructure  of  the  as-cooled 


and  annealed  glasses  are  similar  to  those  of  Fig.  2(A), (B), 


(bar  = o.5yra) 


Figure  4 (A) . SEM  micrograph  showing  the  polyxiryatalllne  V-O,  In 
polished  and  etched  surface  of  000-290*C  - 6 hrs.,  etched  wltn  H2O 
for  90  sec.  G>ar  >•  Ipra) 
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Figure  4 (C) . SEM  micrograph  showing  the  polycrystalline  V-O^  in 
polished  and  etched  surface  of  000-410®C  - 6 hrs.,  etched  with  1% 
HCl  for  50  sec.  (bar  = 1pm) 
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Figure  4 (D)  . SEM  micrograph  showing  the  polycrystalline  V 0,.  in 
polished  and  etched  surface  of  006-290°C  - 6 hrs.  , etched  with  VI 
HCl  for  50  sec.  (bar  = lum) 


Figure  4 (E) . SEM  micrographs  showing  the  polycrystalline  ^20,  in 
polished  and  etched  surface  of  006  - 410°C  - 6 hrs.,  etched  with  1% 
HCl  for  50  sec.  (bar  = 1pm) 
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Figure  5 (B) . Curves  of  log  dT  vs.  1/T  showing  the  changes  in 
conductivity  as  a function  of  the  temperature  of  crystallization 
for  composition  006. 
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Figure  5 CC).  Curves  of  log  cff  vs.  1/T  showlirg  the  changes  In 
conductivity  as  a function  of  the  temperature  of  crystallization 
as  a function  of  the  changing  V-O^  content  In  the  glasses  annealed 
at  220*C.  ^ 
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